The major phytochemical constituents of the widely used medicinal herb Chamaelirium luteum ("false unicorn") are open-chain cholesterol-derived steroidal saponins. These are unusual in lacking the extra ring(s) derived from the steroidal side chain that are characteristic of the more commonly isolated furostanol and spirostanol saponins. The structures of the major steroidal saponins of C. luteum were determined using a combination of multistage mass spectrometry (MS n ), 1D and 2D NMR experiments, and chemical degradation. The flexible nature of the steroidal side chain in these saponins necessitated determination of their absolute stereochemistry via total synthesis and X-ray crystallography.
saponins isolated from terrestrial plants fall into two structural subfamilies; the pentacyclic furostanol saponins, characterized by a hemiacteal moiety at C-22 and a glycosidic linkage at C-26, and the spirostanol saponins, which instead possess six rings formed via a bicyclic acetal at C-22. Our recent work on C. luteum [11, 12] has led us to investigate a further, less common structural class of saponins, the open-chain cholesterol-derived steroidal glycosides. These lack the additional ring(s) derived from the C-17 side chain that are characteristic of furo-and spirostanol glycosides. Saponins of this type, while abundant in marine organisms such as starfish, sponges, and cnidarians [13] [14] [15] [16] , are relatively rare in terrestrial plants. With some exceptions (see, e.g., refs. [11, [17] [18] [19] ), open-chain steroidal glycosides are typically reported from plants as only minor constituents, along with saponins based on the more common furo-and spirostanol scaffolds. For example, the cholestene glycosides bethosides B and C were reported from the North American medicinal herb Trillium erectum L. (commonly known as "beth root") along with diosgenin-and pennogenin-derived saponins, and ecdysteroids [20] .
Structure elucidation of major steroidal saponins from C. luteum
The major steroidal saponins of C. luteum all possess an open-chain cholesterol-derived aglycone. Chamaelirosides A and B (1 and 2) contain the (23R,24S)-chiograsterol B aglycone (3) [11] , while heloside A (4) and a related minor constituent heloside B (5) are derived from the unique helogenin skeleton (6) [12] (Fig. 1) . The structure and stereochemistry of these saponins was determined using a combination of multistage mass spectrometry (MS n ), 1D and 2D NMR experiments, chemical degradation, X-ray crystallography, and total synthesis.
The process of structure elucidation of a steroidal saponin is exemplified by that used for heloside A (4), a bidesmodic glycoside containing a 3β,11α,16β,22,26-pentahydroxy-cholestene skeleton (6) . Fragmentation by positive-ion electrospray ionization (ESI)-MS n provided important information on the number and nature of the sugar units present in 4. Along with the molecular formula of C 39 H 66 O 15 provided by high-resolution ESI-MS, the neutral loss of two 180 Da units from the quasimolecular ion [M + Na] + at m/z 797 suggested the presence of two hexose monosaccharides, in addition to a C 27 skeleton bearing five oxygens. The accompanying sugar units were identified as two β-glucose residues through examination of their vicinal coupling constants, which were obtained by selective irradiation of the sugar anomeric resonances in 1D total correlation spectroscopy (TOCSY) NMR experiments. The absolute configurations of the monosaccharides were determined by enantioselective GC analysis, in which the saponin 4 was subjected to acid-catalyzed methanolysis followed by per-trifluoroacetylation of the resultant methyl-glycosides, and comparison with authentic D-and L-sugar standards [21] .
A helpful starting point for structure elucidation of the aglycone was the heteronuclear multiplebond correlation (HMBC) correlations of the steroid methyl groups. Of all the HMBC correlations of the methyl groups, only those of H 3 -18 (singlet) and H 3 -21 (doublet, J = 7.0 Hz) intersect (at C-17), thus allowing rapid assignment of the four steroidal methyl signals and their neighboring groups (Fig. 2) . Correlations observed between the sugar anomeric hydrogens and the steroid core carbons in the HMBC spectrum of 4 also established the sites of glycosidic linkages, revealing the attachment of the two β-D-glucose residues separately at positions 3 and 26.
The stereochemistry of the ring junctions and substituents in a steroidal aglycone may be determined using a 2D rotating frame Overhauser effect spectroscopy (ROESY) experiment. Correlations observed in the ROESY spectrum of 4 revealed the trans fusion of the steroid B/C and C/D rings, the β orientation of the substituents at C-3, C-16, and C-17, and the α orientation of the C-11 hydroxy group, while the configuration of C-20 was indicated by a cross-peak between H-20 and H-18 ( Fig. 3) . The flexible nature of C-20 to C-27 in helosides A (4) and B (5), as well as in chamaelirosides A (1) and B (2), meant that the stereochemistry along this side chain was unable to be determined spectroscopically, in contrast to typical furo-and spirostanol saponins [22, 23] . 
STEREOCHEMISTRY IN OPEN-CHAIN STEROIDAL SAPONINS Chamaelirosides A and B
Chamaelirosides A (1) and B (2) contain an open-chain steroidal aglycone (3) that possesses the same planar structure as chiograsterol B, a minor metabolite isolated from Chionographis japonica in 1968 [24] . The absolute configuration of C-23 and C-24 in the side chain of chiograsterol B had not been defined, although the diol was suggested to have an erythro configuration, based upon the H-23/H-24 coupling constant in the corresponding acetonide derivative 7 [24] . Since only very limited 1 H NMR spectroscopic data were available in the literature for comparison [24] , we were unable to draw any conclusion about the relative stereochemistry of 1 and 2. We therefore synthesized simple erythro and threo acetonide models, and comparison of their 1 H NMR spectra with the acetonide 7 derived from the aglycone of 1 and 2 revealed that the erythro configuration was present in these saponins [11] . We thus set out to synthesize both erythro aglycone diastereomers, (23R,24S)-3 and (23S,24R)-3, to confirm the structures and determine the absolute stereochemistry of the major saponins of C. luteum.
The commercially available steroid pregnenolone was identified as a suitable starting material, requiring β-hydroxylation at C-6 and C-16 and introduction of the side chain at C-20 to access the aglycone 3. The key step in the synthesis was the oxy-anion accelerated Cope rearrangement of the tertiary allylic alcohol 8, which was readily prepared as a single diastereomer from the β-epoxide of pregnenolone acetate (Scheme 1). We had investigated a number of other possibilities for installing the side chain, for example, conjugate addition to 9, but none were successful.
The key Cope rearrangment of 8 proceeded in excellent yield to give keto-olefin 10 as a single diastereomer with the required (17R,20R) stereochemistry, in line with literature precedent [25] (Scheme 2). Subsequent conversion of 10 to the keto-aldehyde and Wittig condensation to form Z-alkene 11 completed the backbone of the steroidal side chain. Attempted enantioselective dihydroxylation of 11 under Sharpless conditions failed, but dihydroxylation of 11 under Upjohn conditions, followed by direct conversion to the diastereomeric erythro acetonides and removal of the benzyl protecting groups, afforded 7a and 7b. Crystallization of the major acetonide triol 7a yielded crystals suitable for X-ray analysis, and the structure obtained revealed the (23R,24S) absolute configuration of the side chain. Comparison of the 1 H and 13 C NMR spectra of diastereomeric acetonides 7a and 7b, with the acetonide 7 derived from the aglycone of 1 and 2, showed that the naturally occurring stereochemistry in these saponins is (23R,24S). Finally, acetal hydrolysis of 7a and 7b generated the diastereomeric penta hydroxy sterols (23R,24S)-3 and (23R,24S)-3. A comparison of their physical properties with those reported previously for chiograsterol B [24] suggested that it too probably contains the (23R,24S) stereochemistry.
Revision of the absolute configurations of bethosides B and C
The steroidal saponins helosides A and B (4 and 5) isolated from C. luteum also contain an open-chain steroidal aglycone [12] . To determine the absolute configurations of C-22 and C-25 in the side chain of these saponins, their corresponding aglycone helogenin (6) was isolated via semipreparative reversephase high-performance liquid chromatography (RPHPLC) performed on the acid hydrolysate of a crude C. luteum extract. Crystallization of 6 from a methanol/water solution pleasingly yielded white needles suitable for X-ray crystallography, and the crystal structure obtained both confirmed the constitution of helogenin, and revealed the absolute configuration of the side chain as (22S,25R) [12] . While helogenin had not been isolated previously, the closely related 3β,16β,22,26-tetrahydroxycholest-5-ene skeleton (lacking C-11 hydroxylation) had been reported as the aglycone in saponins isolated from Allium tuberosum [26] , Solanum lyratum [27] and S. anguivi [28] , and Trillium erectum [20] . The 1 H and 13 C NMR data for the side chain in the helosides 4 and 5 [12] were in surprisingly good agreement (Δδ H ≤ 0.04 ppm, Δδ C ≤ 0.3 ppm in C 5 D 5 N for positions 20 to 27) with those of the structurally analogous saponins bethosides B and C isolated from T. erectum (12 and 13, Fig. 4) , which we had reported to possess the epimeric 22R configuration [20] .
Our assignment of the (22R,25R) stereochemistry in 12 and 13 was based upon earlier work, in which the absolute configuration of C-22 in the 3β,16β,22,26-tetrahydroxy-cholest-5-ene aglycone (14) was determined via Horeau's method [27] . A comparison of the 1 H NMR data for the aglycone tetraacetate 15 derived from bethosides B and C, with the limited chemical shifts reported for synthetic tetraacetates (22S)-15 and (22R)-15 [27] , led to our assignment of (22R,25R) stereochemistry in 12 and 13 [20] . To investigate further the apparently conflicting stereochemical assignment of bethosides 12 and 13, we chose to isolate their aglycone (14) directly from the acid hydrolysate of a crude T. erectum extract. Unexpectedly, it proved difficult to identify bethosides B and C in different T. erectum extracts; it was clear that these saponins were absent, or present as only minor constituents in three of the four samples of this herb obtained commercially (Fig. 5) . The difficulty encountered in locating the bethoside saponins underlines the problem of variability in the composition of different herbal extracts and the importance of phytochemically profiling medicinal plants. , strongly suggested that 22S is the naturally occurring stereochemistry in both the heloside and bethoside saponins [29] . Crystallization of the bethoside aglycone 14 from a methanol/water solution afforded single crystals suitable for X-ray crystallography, and the structure obtained revealed that it indeed possessed the (22S,25R) absolute configuration of the side chain as seen in the helosides. This work has led to the revision of 12 and 13 to (22S)-bethoside B and (22S)-bethoside C, respectively [29] .
Though it was clear that the 22S absolute configuration is present in bethosides B and C (12 and 13) as well as helosides A and B (4 and 5), it was unclear whether the C-22 epimers of their aglycone could be distinguished by NMR spectroscopy. We therefore synthesized (22S)-15 and (22R)-15, starting from the readily available steroidal aglycone diosgenin, which already contained the required 25R configuration. Spiroketal ring opening of the steroid E and F rings in diosgenin, as reported by Fernandez-Herrera et al. [30, 31] , was followed by reduction of the C-22 ketone to generate epimeric alcohols (22S)-17 and (22R)-17, which were in turn acetylated to yield the desired (22S)-15 and (22R)-15 (Scheme 3). 
